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[57] ABSTRACT

Compounds of the formula:

Y—CO—NHCHCO—AA(¢ (1)
LI'JHg H R
S O (CRE=CRE, L
R s

or the amides, esters or salts thereof, wherein:
L. 18 an electron withdrawing leaving group;

S* is S=0, O=S=0, S=NH, HN=S§=0, Se=0, 0=Se=0,
Se=NH, HN=Se=0, S+R* wherein R* is alkyl (1-6 C), or
O—C=0 or HN—C=0;

each R of R', R” and R? is independently H or a noninter-
fering substituent;

nis O, 1 or 2;

Y 1s selected from the group consisting of

HyNCH(CH3)m—,
coon
HOOC(CH;),,CH—,
N
H;NCH(CH,),CO—NHCH;—, and
(IIO OH
HOO C(CHz)m([:H CO—NHCH,;—,

NH,
wherein m 1s 1 or 2; and

AA is an amino acid linked through a peptide bond to the
remainder of said compound of formula 1, are dislosed.

These compounds are useful prodrugs for selective treat-

ment of target tissues which contain compatible glutathione
S-transferase (GST) isoenzymes.

27 Claims, 2 Drawing Sheets
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GLUTATHIONE
S-TRANSFERASE-ACTIVATED COMPOUNDS

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a continuation-in-part of U.S. Ser. No. 07/863,564,
filed Apr. 3, 1992, now abandoned, which 1s a continuation-
in-part of U.S. Ser. No. 07/693,245, filed Apr. 29, 1991, now
abandoned.

TECHNICAL FIELD

The invention relates to glutathione S-transferase-acti-
vated compounds. The compounds include glutathione or an
analog thereof coupled to a leaving moiety, such as an
indicator or a drug moiety, which i1s released from the
glutathione or analog when the compounds are reacted with
glutathione S-transterase (GST).

BACKGROUND ART

Glutathione (GSH), in its reduced form, is a tripeptide of
the formula: y-Glu-Cys-Gly. Reduced glutathione has a
central role in maintaining the redox condition in cells and
is also an essential substrate for glutathione S-transferase
(GST). GST exasts in mammals as a superfamily of isoen-
zymes which regulate the metabolism and detoxification of
foreign substances introduced into cells. In general, GST can
tfacilitate detoxification of foreign substances by a number of
mechanisms and can also convert certain precursors into
toxic substances.

GST Functions and Structure

Waxman, D. J., Cancer Res (1990) 50:6449-6454,
reviewed the functions performed by GST isoenzymes. As
summarized 1n this report, GSTs can detoxify lipophilic
substances which contain an electrophile by catalyzing the
coupling of the electrophilic portion to GSH, thus rendering
a significant portion of the molecule more polar and sus-
ceptible to clearance. A number of the drugs used in cancer
chemotherapy are susceptible to this type of detoxification,
including, for example, various nitrogen mustards. A second
mechanism, which also uses GSH as a substrate, resides in
the reduction of peroxides with the concomitant oxidation of
GSH; a third simply involves the association of a ligand with
the GST in a noncovalent association. Conversely, GSTs
also catalyze some reactions which convert nontoxic pre-
cursors to toxic agents. For example, GSTs are capable of
converting 1,2-dibromoethane and azathiophine to toxins.

As to the catalytic mechanism of GSTs, a review by
Mannervik and Danielson (Mannervik, B. et al., CRC Crit
Rev Biochemistry (1988) 23:283-355) originally suggested
the presence of a histidine residue close to the glutathione
binding site which would remove the sulfhydryl proton from
GSH, generating a nucleophilic sulfide anion. This anion
would be more reactive with electrophiles than GSH without
the action of GST enzyme. Later crystallographic work with
Pl GST (Reieneman, P, et al.,, J Mol Biol (1992)
213:214-226) showed that the actual proton abstracting
enzyme moiety was a tyrosine hydroxyl.

Properties and Distribution of GST Isoenzymes

The various GST 1soenzymes are dimeric proteins formed
by binary combinations of monomers encoded by at least
fifteen known genes in four gene families, resulting in the
theoretical possibility of several dozen different dimers even
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allowing for the preferential dimerization of monomers from
the same gene family. In addition to the variability that arises

from these combinatorial possibilities, the GST isoenzyme
subunits are polymorphic 1n the human population and have
been considered to be subject to additional variation due to
gene conversion events among the tandemly repeated mem-
bers of the family. Posttranslational modifications add fur-
ther to this variability. Thus, the GSTs obtained from tissue
samples of a given individual may not necessarily exactly
match those of any previously known GST. Particular cell
types typically express only a few of these many forms. The
particular GST complement in a cell also is probably
attected by exposure to certain environmental factors, such
as chemical substances, since the enzymes are inducible.
GST represents a family of iscenzymes which differ in
quantity and enzymatic and physical properties in various
cell types and 1n various individuals.

Mannervik, B., et al., Proc Natl Acad Sci (1985)
82:7202-7206, proposed a classification scheme for GST
dividing the groups 1nto a single microsomal subclass and
three cytosolic subclasses, o, u and 7. These classes show
differences in structure, immunological activity, substrate
specificity and inhibitor sensitivities.

The ability of different purified rat GST enzymes to
detoxily the 1,3-bis-(2-chloroethyl)-Initrosourea (BCNU)
by denitrosation was studied by Smith, M. T,, et al., Cancer
Res (1989) 49:2621-2625. The reported results indicated
that p isoenzymes containing subunit 4 are the most active

catalysts for this reaction while several members of the o
subclass had very weak activity.

Thus, each tissue or cell type can be characterized by a
particular GST complement—i.e. a set of concentrations of
particular GST isoenzymes which is present in the cell or
tissue. This is illustrated in Castro et al., Carcinogenesis
(1990) 11:1569-1596, which describes the results of SDS
gel electrophoretic separations of soluble GSTs that had
been purified on an S-hexylglutathione Sepharose column.
Complements of isoenzymes in various tumor cell lines are

compared with purified representatives of the major GST
gene families.

Association of GST Isoenzymes with Tumors

The association of specific GST isoenzymes with tumors
has also been studied. Wiencke, J. K., et al., Cancer Res
(1990) 50:1585-1590, further describes the art-recognized
association of genetic deficiency in the p isoenzyme of GST
with increased lung cancer risk. This deficiency was found
to be associated with sensitivity to trans-stilbene oxide-
1nduced cytogenetic damage. Castro et al., 1990, supra, also
clearly shows the differences in GST complement, depend-
1ing on the particular tumor cell line being considered.

The GST T isotype has also been associated with tumors,
including cancers of the colon, stomach, pancreas, uterine
cervix, renal cortex, adenocarcinoma of the breast and lung,
nodular small cell lymphoma, mesothelioma, small cell and
nonsmall cell lung carcinoma and EJB bladder carcinoma as
well as in CLL (Ketterer, B. et al. in “Glutathione Conju-
gation: Mechamsms and Biological Significance”; Sies, H.,
et al. eds. (1988) Academic Press, London, pp. 74-137;
Schisselbauer, J. C., et al.,, Cancer Res (1990)
50:3562-3568). It is not considered that the 7 class of GST
1s a marker for particular carcinomas or tumors; however
antibodies to 7t GST said to be useful for detecting cancer are
disclosed in PCT application WO 90/1208S.

The role of the various isoenzymes of GST in conferring
resistance to toxins has been confirmed using expression of
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recombinant GST isoenzymes in mammalian cell transfor-
mants;, Puchalski, R. B., et al., Proc Natl Acad Sci USA
(1990) 87:2443-2447]. This report showed that each of three
full-length cloned GST cDNAs—mt (acidic), Ya (basic) and
Yb, (neutral)}—conferred drug resistance when expressed in
cultured mammalian cells. It was found that GST Ya con-
ferred the greatest increase in resistance to chlorambucil and
melphalan; Yb, conferred the greatest increase in resistance
to cisplatin, and © conferred the greatest increase in resis-
tance to racemic benzopyrene mixtures and to doxorubicin.
Nomne of these conferred resistance to vinblastine.

The importance of GST in detoxification mechanisms and
drug resistance and the availability of a substantial family of
1soenzymes which 1s unevenly distributed as to 1ts members
with respect to normal and tumor tissue, combined with
differences between the family members in substrate speci-
ficity and inhibitor sensitivity, makes this family an impor-
tant target for designing therapies for conditions associated
with malignancy or other unwanted tissue characterized by
a discernible GST complement.

In particular, it appears that levels of GSTs, especially
certain isoenzyme subtypes thereof, are elevated in tumor
cells which have acquired resistance to chemotherapeutic
drugs. Thus, use of GST-activated prodrugs is particularly
cifective in targeting tumor cells which have otherwise
acquired drug resistance.

Mustards

A particular class of toxic compounds used in chemo-
therapy, and used for purposes of illustration hereinbelow,
are the mustard compounds.

Compounds reported to generate phosphoramide mus-
tards include cyclophosphamide and certain of its analogs
(Borch et al., J Med Chem (1991) 34:3044-3052) (herein-
after Borch 1), as well as aldophosphamide and certain of its
analogs (Borch et al., J Med Chem (1991) 34:3052-3058)
(hereinafter Borch H). Mechamsms of the activation pro-
cesses that generate phosphoramide mustards from these
compounds have been reported (Borch et al., J. Med Chem
(1984) 27:490-494; and Borch et al., J Med Chem (1987)
30:427-431.

The release of phosphorodiamidate mustards from perhy-
drooxazine analogs of aldophosphamide was also reported
by Borch et al. (Borch II). Compounds which liberate these
“double mustards™ were found to exhibit greater cytotoxicity
than compounds which liberate phosphoramide mustard
(Id.). The increase 1n observed cytotoxicity i1s probably due
to the ability of the double mustards to crosslink DNA.

Since the mustards produce highly toxic metabolic
effects, resulting in deleterious side-effects including death
(Borch II), a need exists for compounds which can be
designed to target selected cells and predictably release
phosphoramide mustards and/or phosphorodiamidate
double mustards in the cells that are the intended targets. The
prodrugs of the invention are designed for this purpose.

The prodrugs described below may utilize glutathione or
its analogs to couple with the drug, rendering the prodrug
subject to activation by GST. Some relevant analogs are
known in the art.

Adang, A. E. P, et al., Biochem J (1990) 269:47-54,
described modified forms of GSH in which at least one of
the glycine, cysteine, or y-glutamine residues 1s replaced by
an alternate amino actd residue which interact with various
GST isoenzymes at different rates. Additional analogs have
been disclosed by Principato, G. B., et al., Enzyme (1989)
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41:175-180, who studied the effect of a tripepride GSH
analog on glyoxalase II enzyme of rat liver. The tripepride
used by this group was of the formula y-Glu-Cys(p-chlo-
rophenylcarbonylmethyl)-Ser. Morris, D., in Biochem J
(1960) 76:349-333, described the synthesis of y-Glu-Cys-
(benzyl)-Val. GSH tripeptide analogs containing a substitu-
tion for only one of the three GSH amino acids have been
reported and some are commercially available.

Disclosure of the Invention

The present invention is directed to novel GST-activated
compounds comprising glutathione (GSH) or an analog
thereof coupled to a leaving moiety, such as an indicator or
a.drug moiety, which is released from the glutathione or
analog when the compounds are reacted with GST.

The compounds of the invention are most importantly
prodrugs, for instance for a cytotoxic drug intended to
destroy tumor cells. These prodrugs may be substrates only
for selected GST isoenzymes, and are capable, for example,
of selectively killing cells with particular complements of
GST 1soenzymes or with elevated GST levels. This is
particularly important in the design of chemotherapeutic
treatment since drug resistance by tumor cells is often
characterized by elevated levels of GSTs. Thus, the very
cells which are most refractory to conventional treatment are
the most susceptible to attack by the cytotoxic agents
included in the prodrugs of the invention. The elevated
levels of GST present in these cells enables them to facilitate
the release of the cytotoxic agent infracellularly, as com-
pared to the capability of normal cells. In one illustration the
present invention provides glutathione or an analog coupled
to cytotoxic phosphorodiamidate mustard moieties. When
reacted with GST, the prodrugs will liberate the phospho-
rodiamidate mustard. This provides a method for delivering
this cytotoxic agent only to selected tissue or cells, such as
tumor cells.

Alternatively, the leaving moiety of a compound of the
invention may comprise an indicator, which when released
from a compound of the invention can be readily detected
and conveniently used to monitor the extent of such cleav-
age reaction, e.g., colorimetrically. A compound of the
invention comprising an indicator moiety, such as p-mtro-
phenol which 1s colorless when coupled in the prodrug but
develops a color on release by GST, is a useful reagent in a
method of assaying GST activity. This includes GST i1soen-
Zyme-specitic assays using reagents comprising certain
GSH analogs that are substrates only for selected GST
1SOeNzZymes.

Accordingly, in one aspect, the invention is directed to a

- compound of the formula:

Y—CO—NH(IZHCO—AAC
T I
S* (IZ-—-(CR2=CR2)H—-?—-L
Rl R3
or the amides, esters or salts thereof, wherein:
L. is an electron withdrawing leaving group;
S* 1s §=0, O=8=0, S=NH, HN=S=0, Se=0,0=S¢=0,
Se=NH, HN=Se=0, S+R* wherein R* is alkyl (1-6 C) or
O—C=0 or HN—C=0;
each R of R, R* and R’ is independently H or a
noninterfering substituent;

nisQ, 1 or 2,

(1)




3,545,621

S
Y 18 selected from the group consisting of
H,NCH(CHy)m—,
oo
HOOC(CH,),CH—,
NH;

HzN?H(CHz)mCO - NHCH;—., and

COOH
HOOC( CHg)m(liHCO —NHCH;—,

NH;

wherein mis I or 2; and

AA 1s an amino acid linked through a peptide bond to the
remainder of said compound of formula 1.

The invention is also directed to intermediates in the
synthesis of the compounds of formula 1. In preferred
methods of synthesis, the oxidized sulfur or selenium shown
18 obtained from the corresponding suifide or selenide. The
tripepride glutathione or analog can be coupled through the
sulfur or selenium atom to the remainder of the molecule

either as the completed tripepride or as an intermediate
dipeptides of the formula

Y —CONCHCOOH

|
CH,S™H

Or

NHZ(EHCO —AACr
CH,S'H

wherein S¥is S or Se. The third amino acid can then be
coupled to the remainder of the molecule. Therefore, the
invention is also directed to these intermediates including
compounds of the formulas

Y — CO“NH(I'_‘,HCO-—-AAS
T )

(2)

- Rl R3
Y—CO—"NH]CHCDOH (11)
CH,» H R3
| | |
S E

(l:—(CR:"ZCRE)H-—(l}—-L
R! RY
NHE(I',‘HCD—AAC

CH, H R7

| |
S+ C--(CRZ:CRE)H—(E—L

(12)

R! R

wherein Y, AA., R', R% R’ n and L are defined as for
formula 1, and S* is S* or S,

In other aspects, the invention is directed to methods of
synthesizing the compounds of formula 1, to pharmaceutical
compositions containing these compounds, and to methods
o treat tumor cells by administering the compounds of
formula 1 in context where the prodrugs are selectively
cleaved by the tumor celis to release the cytotoxic agent.
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6
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11is a graph showing the decomposition of TER 230
by various GSTs.

FIG. 2 is a graph showing the decomposition of TER 231
by various GSTs.

MODES OF CARRYING OUT THE INVENTION

The compounds of formula 1 are prodrugs which can be
used selectively to target tissues having GST complements
which are elevated or which are peculiar in specificity to the
prodrug provided. As shown below, the prodrugs prepared
for 1llustration, TER 230, as a model compound, and TER
231, as an effective prodrug, are differentially activated by
GST enzymes of the p, ©t and « classes. These prodrugs, in
addition to being selective for cells with elevated GST
complements per se, can be used in a finely tuned protocol
to target celis which have elevated levels of particular
1soenzymes of the GST group.

In an additional use, the compounds of formula 1 can be
used as analytical reagents for GST activity by employing as
“L” an indicator group which is detectable when liberated
from the compound of formula 1. Such a reagent is suitable
for determining the concentration of GST of known sub-
strate specificity, or analyzing the specificity of particular
GSTs by varying the glutathione analog component of the
compound of formula 1.

Compounds of the Invention

The compounds of the invention of formula 1 are com-
prised of a tripeptide which is glutathione or an analog
thereof coupled to a leaving group through a molecular
system which permits release of the leaving group L. when
the compound of formula 1 is treated with the appropriate
GST. The release of the leaving group occurs through a
“B-elimination”—i.e., the removal of the proton on the
carbon o to the electron-poor carbon, sulfur or selenium
releases electrons which are ultimately absorbed by the

leaving group and result in its release. This can be shown
schematically as follows:

Y-——CO—NH(I:HCO—-—AAC

™ P s
S* ([:W (|: L.
R1 R3

The electron pair can be released to the leaving group
directly through P-elimination as shown above or through a
system of conjugation represented by (CR*=CR?)_in for-
mula 1. Thus, n may be 0, 1 or 2; theoretically n can be any

Iinteger but the efficacy of the electron transport is believed
to decline as n increases.

The substituents are R*, R* and R play no direct part in
the release of substituent L and simply must be noninterfer-
ing substituents. The rate of B-elimination can be controlled
by the nature of these R groups; by choosing electron
withdrawing or electron donating substituents the rate of
elimination can be accelerated or decreased. Suitable sub-
stituents for R' and R’ include H, substituted or unsubsti-
tuted alkyl (1-6C) substituted or unsubstituted aryl (6-12C),
substituted or unsubstituted aryl alkyl (7-12C), cyano, halo,
substituted or unsubstituted alkoxy (1-6C), substituted or
unsubstituted aryloxy (6-12C) or substituted or unsubsti-
tuted arylalkyloxy (7-120C).
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Alkyl, aryl, and arylalkyl have their conventional mean-
ings; alkyl groups are straight, branched chain or cyclic
saturated hydrocarbon moieties such as methyl, tert-butyl,
cyclohexyl, and the like. Aryl groups include aromatic
systems such as phenyl, naphthyl, pyridyl and the like.
Arylalkyl substituents contain an aryl moiety coupled to the
remainder of the molecule through an alkylene moiety. Such
eroups include, most commonly benzyl, phenylethyl, 2-py-
ridylethyl, and the like.

Suitable substituents in the substituted forms include halo,
SR, OR, and NR, wherein R is H or lower alkyl (1-4C).

 Preferred embodiments for R' and R” are H, lower alkyl
(1-4C) and phenyl. R* may preferably be H or alkyl (1-6C).
However, any noninterfering substituents may be used as R',
R* and R°. These substituents are independently embodied.

The embodiments of Y—CO and —AA determine the
nature of the glutathione-like tripepride. As S* is defined, the

—NHCHCO—

CH;

S.I_

moiety may be serine, 2,3-diaminopropionic acid or cys-
teine. A preferred embodiment is that wherein Y-CO 1s
v-glutamic, AA is glycine, and the remaining amino acid is
cysteine, resulting in the tripeptide glutathione. However,
alternative embodiments of Y—CO include [B-Asp, Glu,
Asp, 7-GluGly, B-AspGly, GluGly and AspGly. Alternative
embodiments of AA_ include, along with the preferred
glycine, valine, alanine, B-alanine, 4-aminobutyric acid,
aspartic, phenylglycine, histidine, tryptophan, tyrosine, and
substituted or unsubstituted phenylalanine. Suitable pheny-
lalanine substituents are as described above for the substi-
tuted forms of R! through R”.

Suitable embodiments for L include those which generate
drugs which may be cytotoxic to unwanted cells. Such drugs
include the phosphoramide mustards, the phosphorodiami-
date mustards, the chemotherapeutic agents adriamycin and
daunorubicin, toxins such as ricin toxin or diphtheria toxin,
antiinflammatory or steroid-based drugs and the like, and
other metabolic modulators such as 2,3-di-t-butyl-4-hy-
droxyanisole. Preferred forms of the phosphorodiamidate
mustards are —OP(O) (N(CH,CH,Cl),),, —OP(O)
(N(CH,CH,Br),),, —OP(O) (NHCH,CH,Cl),
—OP(0O) (NHCH,CH,Br),. Any biologically active moiety,
provided with an electron adsorbing linkage to the remain-
der of the compound so that “L” released by a-elimination
may be used.

In addition, indicator molecules such as p-nitrophenol can
be used when the compound of formula 1 is intended as a
reagent.

The compounds of the invention may also be prepared‘in
the forms of their esters or amides, or as their salts. The
esters or amides may be alkyl (1-6C), alkenyl (1-6C) or
arylalkyl (7-12C). Alkyl esters of the free carboxyls are
esters of the straight- and branched-chain alkyl alcohols
(1-6C) such as methanol, ethanol, isopropanol, t-butanol,
n-hexanol and the like. Suitable alkyl (1-6C) amides are
those of primary straight- or branched-chain alkyl amines,
such as methylamine, ethylamine, n-propylamine, isopenty-
lamine, and isohexylamine. Alkenyl esters are similar, but
contain at least one double bond. Arylalkyl is as defined
above. The alcohols or amines may also carry noninterfer-
ring substituents such as halo, alkoxy, or alkyl amines. The
esters and amides are prepared using conventional tech-
niques, with suitable protection of any alcohol or amino
functional groups in the compound of formula 1.
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The salts of the compounds of the invention may be
formed of inorganic or organic bases to form the basic salts
of the free carboxyl groups or may be formed from organic
or inorganic acids to obtain the acid addition salts of free
amino groups. Thus, the salts may be of inorganic bases such
as sodium hydroxide, potassium hydroxide, calcium hydrox-
ide, ammonium hydroxide, magnesium hydroxide, and the
like, or of organic bases such as trimethylamine, pyrndine,
pyrimidine, piperidine, lysine, cafieine, and the like. The
acid addition salts may be formed from inorganic acids such
as hydrochloric acid, hydrobromic acid, sulfuric acid, phos-
phoric acid, and the like, or from organic acids such as acetic
acid, propionic acid, glycolic acid, pyruvic acid, oxalic acid,
malic acid, tartaric acid, citric acid, benzoic acid, cinnamic
acid, mandelic acid, salicylic acid, and the like.

The salts of the compounds of formula 1 are formed in
standard protocols by treating with the appropriate base or
acid at a temperature of from about 0° C. to about 100° C.,
preferably at room temperature either in water alone or in
combination with an inert water-miscible organic solvent
such as methanol, ethanol or dioxane.

Use of the Invention Compounds for Targeted Drug
Delivery

The invention provides a general vehicle for delivering
drugs to tissues specifically based on their GST content. The
leaving group, when released in the target tissue, will exert
its desired effects selectively in that target tissue. In addition
to cytotoxicity, the released moiety may have other regula-
tory features. For example, where “L” 1s 2,3-di-t-butyl-4-
hydroxyanisole, this compound is known to induce the
synthesis of GSTs in mice. Administration of the compound
of formula 1 wherein “L” will release this moiety may result
in concomitant increase in GSTs. The target cells where
release will occur can be regulated by manipulating the
nature of the glutathione analog portion of the molecule. It
may be desirable to enhance the GST component of the
tumor cells concomitantly with supplying a compound of
formula 1 containing a cytotoxin; alternatively, a compound
of formula 1 with a different GST specificity may be used to
clevate the GSTs to protect normal tissues.

The compounds of formula 1 are administered as phar-
maceutical compositions in usual formulations such as those
outlined in Remington’s Pharmaceutical Sciences, Mack
Publishing Company, Easton, Pa., latest edition. Typical
formulations will include those for injection, for transdermal
and transmucosal administration, and for oral administra-
tion. The formulations, depending on the intended mode,
may be liquids, syrups, powders, capsules, suppositories,
and the like. The compounds of the invention may be
included in liposomes, or in other emulsified forms. Proto-
cols for administration and suitable formulations are subject

to optimization using standard procedures known to those 1n
the art.

The antitumor activity of the invention compounds
coupled with phosphorodiamidate mustard or other toxins
can be assessed using an intraperitoneal murine L1210
model and measuring the prolongation of survival to deter-
mine the efficacy of particular compounds.

Compounds for Assay of GST Isoenzyme Activity

An alternative use for the compound of formula 1 1s as a
reagent in assays where the moiety “L”, when released from
the compound can be readily detected. The compounds of
formula 1 can thus conveniently be used to monitor the
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extent of the GST cleavage reaction, e.g., colorimetrically.
Thus, an indicator moiety, such as p-nitrophenol, which is
colorless when coupled to GSH or a GSH analog but
develops a color on release from the compound by GST,
offers an improved method of assaying GST activity. GST
isoenzyme-specific assays using compounds comprising
certain GSH analogs that are substrates only for selected

GST isoenzymes can be used to determine substrate speci-
fcity.

Synthesis of the Invention Compounds

The compounds comprising glutathione or its analogs
described above coupled to a desirable leaving group can be
synthesized using means generally known in the art. Where
S* 18 an oxidized form of S or Se, the methods illustrated
below can be used, incorporating modifications which ren-
der them applicable to desired compounds of the invention.
In general, the compounds of formulas 2, 11 and 12 can
serve as intermediate compounds in the synthesis of com-
pounds of formula 1.

Thus, for example, compounds of formula 1 wherein $* is
S=0, Se=0, 0=8=0 or O=Se=0 can be produced from the
corresponding compounds of formula 2 wherein ST is S or
Se, respectively, by oxidation with mild oxidizing agents
such as peroxide or peracetate. Compounds of formula 1
wherein S* is S=NH, Se=NH, O=S=NH, or O=Se=NH can
be obtained by treatment of the approprate precursor of
formula 2, or a partially oxidized form, with chloramine T
under conditions known in the art. Altemnatively, the method
of Whitehead, J. K. et al., J Chem Soc (1952) 1572-1574,
may be used. Compounds of formula 11 or formula 12 can
be converted to the compound of formula 1 by coupling the
Y-CO moiety through a peptide linkage to the compound of
formula 12 or the AA,- amino acid to the compound of
formula 11 using standard peptide coupling techniques.
When S* 1s S or Se in reduced form in the compounds of
formulas 11 and 12, these compounds may, similarly, be
converted to compounds of formula 2. Compounds of for-
mula 1 wherein S” is a sulfonium ion—i.e. is S, R*—may
be synthesized by treating compounds of formula 2 with
alkyl halides under suitable conditions to alkylate the sul-
fide, or intermediates can be synthesized from correspond-
ing compounds of formula 11 or 12. R* is alkyl (1-6C) as
defined above. Preferred alkyl halides for reaction to form,

ultimately, compounds of formula 1 in this embodiment are
the 1odides.

For compounds of formula 1 wherein S* is O—C=0 are
obtained using as a dipeptide or tripepride starting material
analogs of glutathione wherein serine substitutes for the
cysteine moiety. Compounds of the formulas 11, 12 and 1
are then obtained by esterification of the di- or tripepride
containing serine. Where S* is NH—C=0, the correspond-
ing amidation reaction is effected with analogs wherein
2,3-diaminopropionic acid replaces cysteine.

Two preterred methods of synthesis are illustrated below.
The synthesis of TER 230, a model compound, is used to
illustrate Reaction Scheme 1.
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Reaction Scheme 1
O
| a
POCl; + (C,Hs)NH >CI--—I]3—N
.
3
+ THPOCH,CH,OH
\\4
O O
] N I
O—P—N N O—P—N
HO——\/ | s < THPO — | S~
N N
< 7 A
6
13YTsCl | 2) LiBr
Y
[
o O—P-—N
—\ / l S
N
( 7 6a
GSH
d ~
O N
O P\
S( N/\
o [ N
HOOC | NH  COOH ——cf >
NH/Y ~—
NH-, O
2a
TER 230
(1a)

TER 230 1s thus made by alkylating GSH with 2-bromo-
ethyl-N,N,N,N,-tetraecthyl phosphorodiamidite. Two equiva-
lents of diethylamine are added to phosphorus oxychloride
to give compound 3, following the procedure of Borch, et
al., J Med Chem (1991) 34:3052-3058. 3 is then alkylated
with monotetrahydropyranyl ethyiene glycol (prepared as
described by Satyam, A. and Narang, S. Polymer Reprints
(1992) 33:122-123, to give compound 4 which is hydro-
lyzed with acid to remove the THP protecting group and then
converted into the bromide 6a in two steps by conversion to
the rosylate, followed by reaction with lithium bromide to
give 6a. 6a1s then added to glutathione to give the sulfide 2a,
which is oxidized with peracetic acid to give TER 230, 1a.

Reaction Scheme 2 summarizes the manner in which the
synthesis of TER 231 1s exemplified below. TER 231 is a
prodrug of the invention which, when activated with GST,
releases a cytotoxic mustard.
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Reaction Scheme 2
R
OH /
POCL+Br " 4 HN_
~ R
Trniethylamine
R
0O H
O—P—N
ba: R=H | &
6b: R=Cl 6 S Z
R R
+ GSH, pH 10
R
X R
oN_/
_ I/
2a: R=H O_P\
2b: R=Cl
S R
O
R

NH COOH

v
NH; O
y
1. H,0,
2. CH:COOH
R
/ R
0 N\/_
/
p
/ \
la: R=H O N/\_
1b: R =Cl R
57 0
N R
0 0
|
HOOC\/\/\ NH___ COOH

g

As shown 1n Reaction Scheme 2, the crucial intermediate
6b, for example, is synthesized in a simplified manner by the
reaction of phosphorous oxychloride with 2-bromoethyl
alcohol and bis-(2-chloroethyl) amine hydrochlornde.
Appropriate conditions for this reaction are described in
Example 2 below. The remaining steps in the synthesis are
analogous to those in Reaction Scheme 1.

In a preferred embodiment illustrated in both reaction
schemes, the coupled compound of formula 1 1s first syn-

thesized as a reduced form of formula 2 to prevent elimi-
nation of phosphate. The compound of formula 2 is thus

J

10

15

20

25

30

35

40

45

50

55

60

65

12

oxidized in the final step of the synthetic process to prévent
decomposition of the molecule.

At least one proton positioned alpha to the electron-
deprived atom of S* and effectively beta to the phosphate
oxygen must be sufficiently acidic to be removed by the
basic moiety believed to reside in the GST active site to
allow release of the phosphorodiamidate mustard. The elec-
tron withdrawing or donating nature of R' can be used to
regulate the rate of reaction by affecting the acidity of this
proton. The nature of R is also significant. For example an
embodiment wherein both R? are methyl lowers the energy
of the transition state for the enzyme-catalyzed B-elimina-
tion.

The following examples are intended to illustrate, but not
to limit, the invention.

EXAMPLE 1

Synthesis of Glutathione Coupled to
Phosphorodiamidate:

v-Glutamyl-o-aminopropionyl
(B-(2-ethyl-N,N,N,N,tetracthylphosphoramidate)
sulfonyl)-glycine (TER 230)

This example describes the synthesis of TER 230, of the

formula:
o ot
\\P/
/ \
0 N/\
N
7
o [ o
HOOC \/\/H\ NH/\H/NHVCOOH

NH, O

When used as a model compound and contacted with
GST, TER 230 undergoes B-elimination to give

O N
|/
+-0—P
“ \
0 N/\
z
X ‘\
o 0
|
HOOCN NH___ COOH

NI, 0

The synthesis of this co
tion Scheme 1.

pound 1s summarized in Reac-

Chloro-N,N,N,N-tetracthyl phosphordiamidate, 3

Diethylamine (33.72 mL, 360 mmol) was added dropwise
with stirring to a cooled (0°-5° C.) solution of phosphorus
oxychloride (15.2 mL, 160 mmol) in 1 L CH,Cl, to which
triethylamine (50 mL, 360 mmol) had been previously
added dropwise. The solution was allowed to warm to rt. and
stirred for three days. The reaction was quenched by cooling
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to 0° and adding 10 % KH,PO, in water, 200 mL. The
mixture was warmed to rt. The mixture was poured into a
sep. funnel, and separated. The lower organic layer was
saved, and the aqueous layer was extracted with 100 mL of
CH,CL,. The combined organic phases were washed with 5
500 mL sat’d brine and dried over Na,SQ,. The solution was

- filtered and reduced to an oil under vacuum. Some solid
material was removed from the o1l by additional filtration.
TLC analysis (EM #5534 F 254, developed with hexane:E-
tOAc 1:1 and visualized with iodine vapor) showed that two 10
products were present, the major product, rf 0.3, was iso-
lated by column chromatography using JT baker FC silica,

40 m eluted 1socratically with hexane:EtOAc 4:1. Column
fractions containing the pure lower rf compound were
pooled and evaporated to give 12 g (33% yield) of a pale 15
yellow oil. 'H NMR, CDCl,, PPM: 3.3-3.05, g, j=5.3 Hz.
1.2-1.05, t, 1=5.3 Hz. M/e (rel. intens.) 227.1 (100,MH+),
191.2 (11), 154.1 (38), 136.1 (28).

Monotetrahydropyranyl ethylene glycol 20

Dihydropyran (18.25 mL, 200 mmol) was added dropwise
to a cold (0° ) mixture of ethylene glycol (55.92 mL, 1 mol)
in 500 mL CH,Cl, containing 3.8 g (20 mmol) of dissolved
p-toluene sulfonic actd monohydrate over 2 hrs. The mixture
was ailowed to stir for an additional 2 hrs at this temperature, 25
and then was allowed to warm to rt. Stirring continued for
2 days, after which the mixture was poured into a separating
funnel and allowed to separate. The lower organic layer was
removed and saved, and the upper layer was extracted with

100 mL CH,Cl,. The combined CH,Cl, layers were washed Y
six times with 100 mL portions of sat’d NaCl, and dried over
Na,50,. The solution was filtered and reduced, and the
residue was purified by chromatography with the same silica
as above. The column was eluted isocratically with 3:2
EtOAc:hexane which contained 1% triethylamine (TEA). 2°
Fractions which contained pure product, rf 0.5 (using the
same TLC system as above) were pooled and evaporated to
give 9.7 g (33% yield) of a colorless oil. '"H NMR (300 mHz,
CDCl;, PPM) 5.6-5.5, m, 1H. 4.0-3.9, m, 1H. 4.8-4.65, m,
4H. 3.6-3.5, m, 1H. 1.9-1.7, m, 2H. 1.65-1.5, m, 4H. 0

2-Tetrahydropyranyloxyethyl-N,N,N,N-
tetraethylphosphorodiamidate, 4

A solution of 4.4 g (30 mmol) monotetrahydropyranyl-
ethylene glycol prepared above in 25 mlL of THF which had
been freshly collected from a sodium benzophenone THF
still under argon was added dropwise to a stirred solution at
0° 0f 0.72 g (30 mmol) sodium hydride in 50 mL of the same
dry THE. To this was added a solution of 5.67 g (25 mmol)
2 in 25 mL THF over 10 min, and this was stirred for 18 hrs
at rt. TLC (same system as above, except eluted with
EtOAc:MeOH 9:1. The reaction was quenched with drop-
wise addition of 100 mL water, and extracted twice with 250
mlL portions of EtOAc. The combined organic extracts were
washed twice with 100 mL portions of brine and dried over
Na,SO,. This was filtered and evaporated to 8.3 g (98%
yield) of an oil which was used without further purification.
‘H NMR (300 mHz, CDCl,, PPM) 4.65, m, 1H. 4.1-4.0, m,
1H. 3.9-3.8, m, 1H. 3.7-3.6, g (j7=5.6 Hz), 1H. 3.55-3.45, m, ,
1H. 3.1-3.0, dq (3=4.35, 16.3 Hz), 8H. 1.85-1.5, M, 6H.
1.15-1.05 t (4=16.3 Hz), 12 H. M/e (Rel. Intens.) 337.2,
(MH+, 28), 253.1 (100), 235.1(12), 180.1 (22).

435
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2-Hydroxyethyl-N,N,N,N-tetraethylphosphorodiamidate <

8.3 g (24.7 mmol)} of 2-Tetrahydropyranyloxyethyl-N,N,
N,N-tetracthylphosphorodiamidate prepared above was dis-

14

solved 1in 200 mL of methanol and a 190 mg p-toluene
sulfonic acid was added. The mixture was heated to refiux
for 8 hr, cooled, and 3 mL of TEA was added. The material
was reduced and purified by chromatography, using 36 g of
the same silica as above, eluted with EtOAC. Fractions
containing product (rf 0.5, EtOAc:MeOH 9:1) were pooled
and evaporated to give 4.5 g (72% yield) of colorless oil. 'H
NMR (300 mHz, CDCl,, PPM) 4.1-4.0, dt (j=12.7, 2.3), 1H.
3.8, t (j=2.3), 1H. 3.7-3.6, broad s, 1H (disappears with
D,0). 3.2-3.0, symmetrical 11 peak resonance, j=3.4 Hz,
8H, 1.2-1.1,t (j=7.0), 12 H. M/e (Rel. Intens.) 253.1 (MH+,
100), 180.1 (11).

2-p-Toluenesulfonyloxyethyl-N,N,N,N-
tetracthyiphosphorodiamidate

A solution of 4.5 g (23 mmol) p-toluene sulfonylchloride
in 10 mL THF was added dropwise to a stirred solution of
4.5 g (17.9 mmol) 2-Hydroxyethyl-N,N,N,N-tetracthylphos-
phorodiamidate prepared above and 1.6 g (40 mmol) NaOH
in 12 mL THF and 8 M1 water at 0° over a period of 2 hrs.
The mixture was allowed to warm to rt and stirred overnight.
The mixture was poured into 35 mL of water and extracted
with two 50 mL portions of toluene, and the combined
organic phases were dried over Na,SQO, and concentrated to
a viscous oil. TLC (9:1 EtOAc:MeOH) showed one spot, rf
0.7, UV active. The yield was 7.32 g, 99%. 'H NMR
(300mHz, CDCl;, PPM) 7.8, d (=8.3), 2H. 7.35, d (j=8.3),
2H. 42, m, 2H. 4.1-4.0, m, 2H. 3.1-2.9, m, 8H. 2.45, s, 3H.
1.15-1.0, t 3=7.1), 12 H. M/e (Rel. Intens.) 407.1 (MH+,
100}, 334.0 (24), 253.1 (49), 199.0 (20).

2-Bromoethyl-N,N,N,N-tetracthylphosphorodiamidate,
6a

7.2 g (17.8 mmol) of the rosylate above was dissolved in
125 mL acetone and 3.04 g (35 mmol) of LiBr was added.
The mixture was refluxed for 7 hrs, cooled, and allowed to
stand 2 days. The mixture was filtered and the residual solids
washed with 25 mlL acetone. The filtrate and washes were
stripped to a gummy solid. This material was triturated with
100 mL CH,Cl,, filtered, and the liquid reduced to an oil. 'H
NMR (400 mHz, CDCl,, PPM) 4.25, m, 2H. 3.6, m, 2H. 3.1
- 3.0, m, 8H. 1.05, t =7 Hz), 12H. M/e (Rel. Intens.) 323.1

(96), 321.1 (100, MH+ with 1 bromine), 241.2 (26), 191.2
(14).

v-Glutamyl-o-aminopropionyl
(B-(2-ethyl-N,N,N,N,-tetracthylphosphoramidate)-
sulfidyl)-glycine, 2a

250 mg (0.8 mmol) glutathione was dissolved in 5 mL of
water and brought to pH 12 with conc. NaOH solution. This
was added, with stirring, to a solution of 300 mg (0.95
mmol) 6ain 5 mL ethanol. The reaction was stirred 4 hrs and
neutralized with 1 N HCI. A clear product, TLC spot rf 0.66
(1:1:1:1 butanol:HOAc:EtOAc:water), visualized with nin-
hydrin spray, was present. The solution was concentrated to
a solid and purified by HPLC: A 1" column packed with 5
m C-18 functionalized silica (YMC Corp.) was flushed with
90% CH,CN in 0.2% HOAc (B) water followed by equili-
bration with 300 mL of 0.2% HOAc (A) at 12 ml/min flow
rate. The crude sulfide was dissolved in 20 mL of water and
loaded onto the column, followed by 100 mi of A. A gradient
to 50% B was run over 90 min, and fractions which appeared
clean by TLC were pooled and lyophilized. The yield was
240 mg (55%) of white powder, over 90% pure by analytical
HPLC, mp 100°-105° C. 'H NMR (400 mHz, CDCl,, PPM)
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4.3, m, 1 H. 3.8, m, 2H, 3.7, s, 2H. 3.5, m, 1H,, 2.9-2.5, m,
12H.2.2, m,2H. 1.9, m, 2H. 0.8, t (=7 Hz), 12 H. M/e (Rel.
Intens.) 564.2 (M+Na, 18). 542.2 (MH-+, 100). 306.1 (32).
209.2 (26). 177.1 (43).

Anal. Calc’d for C,oH, NOPS.HOAc-¥2HCI: C, 42.63.
H, 7.23. N, 11.29. Found: C, 42.18. H, 6.58. N, 11.51.

v-Glutamyl-o-aminopropionyl(B-(2-ethyl-N,N,N,N.-
tetracthylphosphoramidate)-sulfonyl)-glycine (TER
230)

528 mg (0.97mmol) 2a was dissolved in 10 mL HOACc
with sonication, and 400 mL (2 mmol) of 30% H,0O, was
added. The mixture was stirred at 1t for 22 hr, and 200 mL
of 32% peracetic acid was added. The mixture was stirred
for 3 days, and was quenched with 200 mL of dimethyl
sulfide. The material was lyophilized to a white solid and
purified by HPLC: A 1" column packed with 5 m C-18
functionalized silica (YMC Corp. ) was flushed with 90%
CH,CN 1in 0.2% HOAc (B) water followed by equilibration
with 300 mL of 0.29% HOAc (A) at 12 ml/min flow rate. The
crude sulfone was dissolved 1n 10 mL. of HOAC and diluted
with 150 mL of water before being loaded onto the column
and followed by 100 ml of A. A gradient to 100% B was run
over 60 min, and fractions which appeared clean by ana-
lytical HPLC were pooled and lyophilized. The yield was
350 mg (63%) of white solid, over 90% pure by analytical
HPLC, mp 120°-125°. 'H NMR (400 mHz, CDCl,, PPM)
4.9, dd (j=3.5, 9.1 Hz), 1H. 4.1, dd (j=5.3, 10 Hz), 2H. 3.7,
s, 2H. 3.69-3.65, dd (=3.6, 14.6 Hz), 1H. 3.6, t (j=6.4 Hz),
1H. 3.5-3.45, m, 3H. 2.8, (symmetrical 6 peak resonance
with =7 Hz ) , 8H. 2.3, m, 2H. 1.9, m, 2H. 0.9, t (=7 Hz),
12 H. **C NMR (100 mHz, CDCl,, PPM): 177.05, 176.01,
173.00, 60.79, 56.60, 56.26, 50.05, 44.25, 42.04, 41.99,
33.82, 28.30, 16.07. M/e (Finnigan MALDI TOF) 575,
(MH+) 396 (MNa+).

Anal. Calc’d for C,oH,40,oNsPS-2H,0: C, 39.40. H,
7.27. N, 11.48. Found: C, 39.16. H, 7.36. N, 11.78.

EXAMPLE 2

Synthesis Of Glutathione Coupled to a
Phosphorodiamidate Mustard: y-Glutamyl
-0- Aminopropionyl
(B-(2-ethyl-N,N,N,N-tetra(2'-chloro)
ethylphosphoroamidate)sulfonyl)glycine (TER 231)

TER 231 1s of the formula
Cl
X fﬁ
0 N
\\P/
/7 \
0 N/\_
/ \ Cl
s7 °
. X0 Cl
|
HOOC\/\/J\ NHV COOH
NH, 0
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This 1s an analogous compound to TER 230 which
contains a phosphoramidite mustard to produce the product:

Cl
X c;
on/
*O—P\ |
N\/ﬁx C]

~a

when activated by GST.
TER 231 was synthesized according to Reaction Scheme
2, set forth above.

2-bromoethyl N,N,N,N,-tetra(2'chloroethyl)
phosphoramidite, 6b

14 mL (100 mM) of triethylamine were slowly added over
d min to a stirred solution of 9.3 mL (100 mM) of phos-
phorus oxychloride in 450 ml. of CH,Cl, chilled to 0° under
argon, in a 1000 mL 3-necked flask fitted with a mechanical
stirrer. Next, a solution of 7.09 mL (100 mM) of 2-bromo-
ethanol in 50 mL CH,Cl, was added slowly over 4 hrs. The
mixture was stirred overnight and allowed to warm to rt. The
solution was rechilled to 0°, and 35.7 g (200 mM) of
bis-(2-chloroethyl)amine hydrochloride was added as a
solid. To this stirred suspension was added a solution of
61.33 mL (440 mM) ftriethylamine in 100 mL Ch,(Cl,
dropwise over 3 hrs. The mixture was allowed to warm to rt
and was stirred for 3 days. The suspension was suction
filtered, and the filtrate reduced in vacuo to a brown, viscous
oil. This was mixed with 100 mi. EtOAc, and filtered again
to remove triethylamine hydrochloride. The solution was
concentrated to about 50 mL in volume, and subjected to
chromatographic purification. A bed of silica 38 by 5.5 cM
was used, eluted with EtOAc:Pet. Ether 1:1. 12.3 g (27%
yield) of clear yellow oil was isolated, r.f. 0.5. M/e (Finnigan
MALDI TOF) 454.2, (MH"). '"H NMR (300 mHz, CDCL,),
PPM: 4.4-4.3, m, 2H. 3.75-36, t, j=2.2 Hz, 8H. 3.6-3.5, t,
1=5Hz, 2H. 3.5-3.4, m, 8H.

v-Glutamyl-a-aminopropionyl(-(2-ethyl-
N,N,N,N,tetra(2-chloroethyl)-phosphoramidate)
| sulfidyl)-glycine, 2b

4.5 g (15 mM) of glutathione was dissolved in 75 mL of
deionized water and the pH was adjusted to 9-10 by adding
1N NaOH. To thus stirred solution at rt was added a solution
of 13 1n 100 mL of ethanol. The turbid mixture became clear
after two min, and was stirred overnight. TLC monitoring
showed partial reaction, and the mixture was stirred another
3 days. The solution was then neutralized with to pH3-6,
and the ethanol was removed in vacuo. The solution was
divided into three roughly equal portions, and purified by
prep HPLC as for 2a to give 0.5 g (36% yield) of white
powder, mp 80° (dec.). M/e (Finnigan MALDI TOP) 680.2
(MH+). '"H NMR (300 mHz, DMSO D,, PPM: 8.8-8.7 t,
1=1.5 Hz, 1H. 8.5-8.4, d, 1=2.5 Hz, 1H. 4.5-4.4, broad s, 1H.
4.1-4,0, dd, =2.2, 1.8 Hz, 2H. 3.8-3.6, m, 10 H. 3.5-3.2,
broad m, 12 H. 3.0-2.9, dd, j=1.3, 3.2 Hz, 1H. 2.9-2.8, t,
1=1.9 Hz, 1H. 2.75-2.63, dd, j=3.2, 1.3 Hz, 1H. 2.4-2.3, m,
2H. 2.0-1.85, m, 2H.

Anal. Cale’d for C,OH,.N.O.PSCl,-3H,0: C, 32.75. H,
5.77. N, 9.54. Found: C, 33.05; H, 5.38. N, 9.42.
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v-Glutamyl-a-Aminopropionyl(B-(2-ethyi-N,N,N,N-
tetra(2'-chloro)ethylphosphoroamidate)sulfonyl)
glycine, 1b, TER 231

1.5 g (2.2 mM) of 2b was dissolved in 22 mlL of HOAc,
and 0.78 mL (4 mM) of 30% H,O., was added. After 2 hrs,
a mass spectrum of the mixture revealed complete conver-
sion to the sulfoxide. 0.525 mL (2.5 mM) of 32% peracetic
acld was added, and the reaction was stirred overnight. A
mass spectrum of the mixture revealed almost total conver-
sion of the material to the desired compound, and the
mixture was lyophilized and purified by HPLC with the
same method as for TER 230 to give 1.05 g (67% yield) of
TER 231 as a white powder, mp 95° (dec.) .M/e (Finnigan
MALDI TOF) 712.7 (MH+). '"H NMR, 300 mHz, D,O,
PPM: 5.2-5.1 m, 1H. 4.6—4.6, d, i=1.4 Hz, 2H. 4.0, s, 2H.
3.95-3.9, m, 1H. 3.85-3.65, m, 12H. 3.55-3.45, m, 8H.
2.2-2.5, m, 2H. 2.3-2.15, m, 2H.

Anal. Calc’d for C,O0H;.N.O,,PSCl,-2H,0: C, 32.14. H,
5.41. N, 9.37. Found: C, 32.07. H, 5.11. N, 9.22.

EXAMPLE 3

Selective Release of “L.” by GST Isoenzymes

The compound to be tested was dissolved in 0.2M phos-
phate bufier and a solution of GST was added. The final
concentration was 0.3 mM test compound and 0,006 mM
GST, pH 7.3 for TER 230; for TER 231 GST was 0.003 mM,
pH 7.1. The solution was incubated at 37°. Decomposition
was followed by HPLC. The column was J. T. Baker
C,5250x4.6 mm with 5u particles. The A buffer was 0.05M

ammomuimn acetate, pH 5.5; 5% CH,CN; B buffer was 70%
CH;CN 1n A.

The column was run with a gradient of 20%-50% B over
15 min. then to 100% B in 3 mins; then back to 20% B over
6 mins. A 10 uL. sample was injected and the flow rate was
1 ml/min. Aliquots were removed and catalytic decompo-
sition was quenched by addition of acetic acid. Overnight
HPLC utilizing an autosampler were used; the rates of
decomposition were calculated by measuring the rate of
disappearance of the peak versus an internal standard which
was 0.06 mM of an inert peptide marker. The results for

TER230 are shown in FIG. 1 and those for TER 231 are
shown in FIG. 2.

As shown in FIG. 1, M1 A decomposes TER 230 about 4
times faster than background and P1 decomposes TER 230
about 2 times faster than background. Both of these isoen-
zymes are predominantly expressed in many tumors. The
1soenzyme Al, usually associated with healthy tissues, does

not accelerate the decomposition of TER 230 above back-
ground within experimental error.

Similarly, as shown in FIG. 3, M1 A decomposes TER 231
about 12 times faster than background; and Pl and Al
decompose TER 231 5 times faster than background. TER
231 in general decomposes more quickly than TER 230,

probably due to the electron withdrawing effect of the four
chlorines.

For TER 231, the decomposition will result in a cytotoxic
effect due to the liberation of the phosphorodiamidate mus-
tard. This 1s similar to the biologically active species respon-
sible for action of cyclophosphamide, a widely used che-
motherapy drug as activated by cytochrome P450 or mixed
function oxidases. Activity results from attack of the N on
the C-C1 bond leading to formation of a positively charged
aziridine ring,
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stabilized as a zwitterion with the free phosphate. The
aziridinium species reacts as an alkylating agent with
nucieophilic moieties on DNA and results in crosslinking
when multiple alkylation occurs. Such crosslinking perma-
nently disables the reproductive mechanism of the cells.

EXAMPLE 4

Screening for In Vitro Cytotoxicity

‘Those compounds which demonstrate release of phos-
phoramide type mustard moieties when reacted with GST
can then be screened for in vitro cytotoxicity according to
methods known in the art (see, for example, Borch II).
Preliminary results using HT29 human cancer cells show
that TER 231 is toxic to these cells, while TER 230 is not.

Thais 1s the expected result as the moiety released from TER
230 is nontoxic.

Results with MCF-7 cancer cells and a corresponding
ni-transtect containing elevated levels of P1 GST also show
the desired results. The n-transfected MCF-7 cells are more
sensitive to TER 231 than are the untransfected cells.

We claim:

1. A compound of the formula:

Y—CO'—NH(]:HCO—AAC (1)
Ty T
S* (IZ (CR?=CR?),—C—L
R S
or the amides, esters or salts thereof, wherein:

L is an electron withdrawing leaving group;

S* 1s S=0, 0=5=0, S=NH, HN=S=0, Se=0, 0=Se=0,
Se=NH, HN=Se=0, S+R* wherein R* is alkyl (1-6C),
or O—C=0 or HN—C=0:

each R of R', R* and R’ is independently H or a
noninterfering substituent;

nis 0, 1 or 2;

Y 1s selected from the group consisting of

HyNCH(CH3),, —
COOH
HOOC(CHZ),”(I:H—* ,
NH;
HoNCH(CH,),,CO—NHCH,~, and
COQGH
HOOC(CHg)m(‘ZHCO—-NHCHg—,
NH;
wherein m 1s 1 or 2; and

AA1s an amino acid selected from the group consisting
of: glycine, valine, alanine., B-alanine, 4-aminobutyric
acid, aspartic, phenylglycine, histidine, tryptophan,
tyrosine, unsubstituted phenylalanine, and phenylala-
nine substituted in its aromatic ring by one or two
substituents selected from the group consisting of halo,
OR, SR, and NR,, wherein R 1s H or alkyl (1-4C)
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linked through a peptide bond to the remainder of said
compound of formula 1.

2. The compound of claim 1 wherein L is a biologically
active moiety when released from the compound of formula
1.

3. The compound of claim 2 wherein said biologically
active moiety is a phosphoramide mustard or a phospho-
rodiamidate mustard.

4. The compound of claim 1 wherein L is a moiety which
is colorless when included in the compound of formula 1 but
is visible when released from said compound.

5. The compound of claim 4 wherein L is p-nitrophenol.

6. The compound of claim 1 wherein n=0. -

7. The compound of claim 1 wherein Y—CO 1is
Y-glutamic acid.

8. The compound of claim 1 whercin AA is [-alanine,
glycine or phenylglycinc.

9. The compound of claim 1 whercin each R of R* and R?
is independently H, substituted or unsubstituted alkyl
(1-6C), substituted or unsubstituted aryl (6-12C), substi-
tuted or unsubstituted arylalkyl (7-12C), cyano, halo, sub-
stituted or unsubstitutcd alkoxy (1-6C), substituted or
unsubstituted aryloxy (6-12C) or substituted or unsubsti-
tuted arylalkyloxy (7-12C).

10. The compound of claim 1 wherein both R® are H,
lower alkyl (1-4C) or phenyi.

11. The compound of claim 1 whercin nis 1 and both R?
are H.

12. The compound of claim 1 wherein n=0 and R' and R”
are H, lower alkyl (1-4C) or phenyl.

13. The compound of claim 1 wherein Y—CO is y-ghu and
AA_ 1s gly. |

14. The compound of claim 1 wherein L is —OP(O)
(N(CH,CH,),),, —OP(O)}N(CH,CH,Cl),),, —OP(O)
(NHCH,CH,Cl),, —OP(O) (N(CH,CH,Br),),, —OP(O)
(NHCH,CH,Br),, or 4-mcthoxy-2.3-di-1-butylphenoxy-.

15. The compound of claim 1 wherein §* 1s O=5=0 or
0=Se=0.

16. The compound of claam 15 which has a formula
selected from the group consisting of:

HOOQfofﬂ“x,ffﬂ“
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wherein X i1s H, Cl or Br;
/o
O N
\\P/
7/ \
0 N/\_
X
57 0
0 ~ o
HOOC \/\/“\ NH/\H/ NH___ COOH
NH; O

wherein X is H, Cl or Br; and

0, O
™~
! O

S*f’
N
0 O .
HOOCN NH/ \n/ NHV COOH
NH; O

17. A compound of the formula:

Y —CO—NHCHCOOH
Zx  w
A A

L

(11)

R3
or the amides, esters or salts thereof, wherein:

L is an electron withdrawing leaving group;

S* is §S=0, 0=8=0, S=NH, HN=8=0, Se=0, O=8e=0,
Se=NH, HN=Se=0, S+R* wherein R? is alkyl (1-6C),
or O—C=0 or HN—C=0;

each R of R!, R? and R’ is independently H or a
noninterfering substituent;

nisQ, 1 or 2; and
Y is selected from the group consisting of
HoNCH(CH3),—,
éOOH
HOOC(CH3),,CH—,
N,
and

HzN(fH(CHg)mCO—-NHCHz—,

COOH



5,545,621

21

-continued
HOOC(CH.),,CHCO—NHCH, —,

NH; -

wherein m is 1 or 2.
18. A compound of the formula:

NH,CHCO—AA¢

| (12)

ey
S*—([T—(CRZZCRZ)H ? L
R} R’

or the amides, esters or salts thereof, wherein:
L 1s an electron withdrawing leaving group;

S* 1s §=0, O=S=0, S=NH, HN=S=0, Se=0, 0=Se=0,
Se=NH, HN=Se=0, S*R* wherein R* is alkyl (1-6C),
or O—C=0 or HN—C=0:;

each R of R', R® and R? is independently H or a
noninterfering substituent;

nis O, 1 or 2; and

AA1s an amino acid selected from the group consisting
of: glycine valine, alanine, (3-alanine, 4-aminobutyric
acid, aspartic, phenylglycine, histidine, tryptophan,
tyrosine, unsubstituted phenylalanine, and phenylala-
nine substituted in its aromatic ring by one or two

substituents selected from the group consisting of halo,
OR, SR, and NR,, wherein R is H or alkyl (1-4C)
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linked through a peptide bond to the remainder of said
compound of formula 1.
19. The compound of claim 1 wherein:

Y—CO 1s gamma-glutamic acid;

AA_ 1s beta-alanine, glycine or phenylglycine; and

S* is O=S=0.

20. The compound of claim 19 wherein n=0 and R' and
R> are H, lower alkyl(1-4C) or pheny!.

21. The compound of claim 19 wherein n=1 and both R?
are H and wherein R' and R° are H, lower alkyl(1-4C) or
phenyl.

22. The compound of claim 17 wherein:

Y—CO is gamma-glutamine, and

S* 18 O=S=0.

23. The compound of claim 22 wherein n=0 and R' and
R are H, lower alkyl(1-4C) of phenyl.

24. The compound of claim 22 wherein n=1 and wherein
B! and R* and R” are H, lower alkyl(1-4C) or phenyl.

23. The compound of claim 18 wherein:

AA 18 beta-alanine, glycine or phenylglycine; and

S* 15 O=S=0.

26. The compound of claim 25 wherein n=0 and R and
R’ are H, lower alkyl(1-4C) of phenyl.

27. The compound of claim 25 wherein n=1 and wherein
R'! and R* and R’ are H, lower alkyl(1-4C) or phenyl.
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